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ABSTRACT

With potential for automobiles to cause air pollution and greeséghgas emissions relative to
other modes, there is concern that automohitegssing or egressing pubtliansportation may
significantly increase human and environnaémnpacts from doeto-doortransit trips. Yet little
rigorous work has been developed that quatinily assesses the effeofdransit access or
egress by automobiles. This research evaluatdgaheycle impacts of firsand last mile trips

on multimodal transit. A casstudy of transiaind automobile travel in thggeater Los Angeles
region is developed. First and last milteamobile trips were found tacrease multimodal

transit trip emissions, mitigating potential impeatiuctiongrom transit usageln some cases
multimodal transitrips with automobileaccess or egress may be higher than a competing
automobiletrip. In thenearterm,automobileaccess or egress in some Los Angeles transit
systemgnay account foup t066% of multimodal greenhouse gas trip emissions, and as much
as75% of multimodal air qualitympacts.Fossil fuel energy generati@md combustion, low
vehicleoccupancies, and longer trip distances contribute most to indreagemodal trip
impacts Spatal supply chain analysiadicatesthatlife-cycle air qualitympactsmay occur
largely locally (in Los Angeles) or largely remotely (elsewhere) depending on the propulsion
method and location of upstream 4ifgcle processes.dflucing 10% ofransitsygem

greenhouse emissions requires a shift3 t050% ofautomobileaccess or egress trifisa

zero emissions mode
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STATEMENT OF WORK TA SKS

Sections in this report that satisfy thRHWA/SCAG Statement of Workre identified below
This report itself also satisfies the final task, Task 6: Ramprt

Task 1: Quantitative Framework

The quantitative frameworsutlinedin Task 1 isdiscussedvithin section2: Methodologyunder
subsection®.1: Energy and Environmental Indicators and Stresspra. Characteristics of Los
Angeles TransportatioBystemsand2.3: Life-cycle Modeling of the Los Angeles Transportation
SystemsThe resuls of this task can be foundthin section3: Resultaundersubsection3.1:
Life-cyde Impacts per Passenger Mile

Task 2 Case Study Development

The case study developmenitlinedin Task2 is discussedvithin section2: Methodologyunder
sub®ction2.4: Multimodal Trip Developmenihe results of this task can be fouithin
section3: Resultaundersubsectior8.2: Multimodal Trip Lifecyclelmpacts

Task 3 Scenario Development

The scenario development outlined in Task 3 is discussed qualitatively and quantietively
sectiond: Discussiorundersubsectior.2 Scenarios for Firstast Mile Impact Reductions



1 INTRODUCTION

With heightened awareness of the impactsridéria air pollutants (CAP) and greenhouse gas
(GHG) emissions, focus amderstanding and mitigatifgiman angnvironmental impacts
from transportatiorhas become a major priority for many urban planning and government
agenciesin 2014, the transportation sector accounted for over a quarter of all GHG emissions in
the United StateEPA, 2016) In the last two decadesstensive research and literature has
evaluated the@uman ananvironmental impacts of various transportatioodes This has led to
increased regulations for air qugl{CARB, 2000) improvements to automobile fustonomies
(Jaffe et al., 2005pnd frequent use of lifeycle assessment (LCA) &ssess the direct and
indirect efecttransportatiorsystemgChester and Horvath, 2012; Nordegtfal., 2014)Public
transit has been shown to reduce human and environmental irapdigsncreasingly utilized
to meet policy goals of reduced GHG and G&RissiongMatute and Chester, 201%ublic
transportatiorcan reduc&HG and CARemissiongerpassenger milan comparison to private
automobile trave{Chester and Horvath, 200@speciallywhenconsidering single occupancy
vehicle (SOV) trave(USDOT, 2009)Most studies, however, focus on comparative assessments
of modes, not accounting for access and egress irtdatmor travel. InLos Angeles (LA),
approximagly 25% of rail trips begin with an automobile trilA Metro, 2016a) Thereremains
significant gaps in our understandinghoiw first-last mle transit access and egressitribute to
human anenvironmental impactdVith high potential for automobiles to contribute to
multimodal transit trip emissiondjis research aims to eprehensively evaluate the liggcle
impacts of firstlast mile trps in multimodal transitising LA as a case study

EnvironmentalLCA has become a powerftdol to aid inunderstanithg the diret,
indirect, andsupply chain impact® many economic sectors includiatgctric supply
technologiegTurcon et al., 2013; Weisser, 20Q'&griculture processéMeisterling et al.,
2009) transportation systenf€hester and Horvath, 2009; Facanha and Horvath, 200@l7)
many othesystemsLCA hasalsobeen usedtb aid in transportation policand decision making
(Chester and Cano, 2016; Eisenstein et al., 2013; Plevin et al., difil#jhe National Ambient
Air Quality Standardsagencies such as talifornia Air Resource Board (CARBggulating
air quality, andmetropolitan planning organizatisaiming to reduce GHG emissions through
transportation planningherecontinues to be greaglue in using LCA to evahte transport#&n
related lifecycle impacts.

Some literature has attempted to addneskimodal transit trip environmentahpacts
that includeauto tripfirst-last milecharacteristicshowever there is a lack of analyses that
include bothregional firstlast miletrip characeristics and lifecycle modelingChester and
Cano(2016)utilize environmental LCA to evaluateme-based impacts of the LA Expo light rail
transit(LRT) systemwith comparison to a LA automobilin this study, firsiast mile auto use
with the Expo LRTsystemwas foundo havesimilar or more GHG and CAP emissions per trip
compared to a typical auto triplowever, there remains room for improvemeatause
competing and firstast mile auto tripsvereassumedo occur withaverage LA travel
characteristics. Additionallyhe study focuses on only one transit line, so it is unclear if this
travel profileis representativeln another studyMathez et al(2013)evaluateéGHG emissions in
Montreal, Canada across Hhiple modes of transportatidsy conducting and analyzing a
comprehensive regional travel survéjowever, this analysis orsiLCA and instead utilizes
averageGHG emissionfactors for aut@nd transit modes, with GHG emissi@agtors for
regional transitmodesprovided by the regional transit authoriti#fese emissions factors only
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account for the operation phaieereforeLCA would provide a moreomprehensive evaluation
of impactsFor example, the Montreal Metro is assumed to emit no @m(Ssiors per
passenger mile citing that tegstemis fully powered by hydreelectric power. Although hydro
electric power has very low GBlemissions, they are naero(Varun et al., 2009Despite
limitations, both studiesimilarly concludethat autdirst-last miletrips with transitcan produce
comparableemissions to aompetingauto trip.

Due to a lack oEomprehensivstudieson first-last milehuman aneénvironmental
impactsin multimodaltransit, it is unclear if targetindpesetrips couldpromote emissions
reductions andontinue taaid in policy decision makingA case tudy of transit and automobile
travel in the LAmetropolitarregion is used to evaluate timepactsof multimodal transit trips to
address this questiomhrough urban planning and sustainable transportation development,
public and urban transportation mbgpositionedo reducehuman and environmental impacts
This requirecomprehensivéfe-cycleassessmentith inclusion of firstlast mile travel in
trangortationsystemdo establish the underlying characteristics that goteiman and
environmental impacts in multimodainst.

2 METHODOLOGY

An environmentalLCA framework is developed by expanding on previously related work to
evaluate the impacts of multimodal trartsips. LCA is applied tdlO transitsystemsn the LA
metropolitanregionconsisting of four light railines, one heavy rail linghree bus servicesne
bus rapid transiservice andone commuter rail servicé addition,regionalautomobile impacts
aredeveloped tevaluate characteristics of competing automobile aibautomobile trips
accesmg or egressg transit. The LCA is designed to account foeeartermlife-cycleimpacts
as well as longermlife-cycle impacts tgrovide estimates of how technologigaprovements,
ridership changes, and changes in energy mixes will affect environmental performance in the
coming years as well as several decadesTdg LCA includes vehicle manufacturing, vehicle
maintenance, vehicle operations (e.g., fuel combustignogulsion effects), infrastructure
(construction, maintenancandoperation, and energy productiofChester and Horvath, 2009)
Trip characteristicen the LA region areompiled usingravel surveydata from theCalifornia
Household Travel Surve)CHTS)and combined wh environmental impacts characterized
through LCAto estmatemultimodaltransitimpacts

2.1 Energy and Environmental Indicators and Sressors

The LCA focuses on attributional impacts allocated to eadsitrg/stemby evaluatinghear
term and longterm footprints pepassengemile traveled PMT). The lifecycle inventory
includesend use energy, GHG emissipoabon monoxide (COXitric oxide and nitrogen
dioxide (NOx), fine and coarsparticulate matter (Pb4and PMo), sulfurdioxides (SQ), and
volatile organic ompoundgVOC). GHGemissimsare reported asarbon dioxideequivalence
(CO2e) using radiative forcing multipliers of 25 for @Bind 298 for MO over a 100 year
horizon. CO, NQ, PM, and SQ@are evaluated because they are regulated through National
Ambient Air Quality StadardsandNOx and VOCare ozone precursofEPA, 2006) To
evaluate air quality impact potentialypact characterization factors frahe Tool for the
Reduction and Assessment of Chemical and Other Environmental IMpB&€() were used to
transform the CAP emissions inventanyo smog and respiratory stress{@are, 2011)A
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stressor indicatebe potentialupper Imit of impacts that could occumpt theactual impad.

SO, PM and NG& emissions were normalized into respiratsimessorgPM. se), and CO, VOC,
andNOx emissions were normalized into photochemical sstogssorgOse) to assess midpoint
impact potential.

2.2 Characteristics of Los Angelesl ransportation Systems

Tentransit system in the LA metropolitan region are evaluated to identify the characteristics that
contribute tovarious transitife-cycle impactsThe Los CountyMetropolitan Transit Authoriy

(LA Metro) runs fourLRT linesandtwo heavy raikransit (HRT)lines, all powered by electric
propulsion Due to the similarities and shared properties between thElR¥dines,the impacts

are evaluated assingleline. Four LA Metro bus serviceare evaluateda Local bus,aRapid
bus,anExpresdus, andhe Orangebus rapid transit (BRT)ne. Togetherthey account for

nearly three quarters of all LA Metro boardirggearnLA Metro, 2016b) All LA Metro buses

run on compressed natural gas (CNG). The Local bus service operates over 100 routes in the LA
metropolitan region providing traditionkmlical and shuttle bus services. The Rapid bus service
operatesn mixed taffic with fewer stopsnd traffic signal prioritiesThe Express bus service
operatesdnger routes with partial limited stgmd nonstogegmentsThe OrangeBRT service
operates oan 18 mile dedicated rightf-way busway operatg in the San Fernando Valley.
Metrolink is a commuter rattansit (CRT)system operating seven lines throughout Southern
California operated by the Southern California Regional Rail Authority (SCREsEh of

Metrolinkés seven lines operate under similanditions, with a shared vehicle fleet and

mandated infrastructure design and maintenance for the whole system. As such, impacts for the
Metrolink CRT system are modeled basechwarageoperations and staaddizedtrain and track
construction.

2.3 Life-cycleModeling of the Los AngelesT ransportation Systems

The LCA in this studyouilds onpreviousrelatedresearctand significant effortaremade to
obtainup-to-datesystemspecific dataTheapproach usgsrocesses and methagpieviously
outlinedfor assessing impacts passengetransportation{Chester and Horvath, 200%ome of
which includes previous analysis of the Ex@®TLline (Chester and Cano, 201@nd the Gold
LRT and Orang®8RT systemgChester et al., 2013y he following discussion focuses on the
new and updatedata collection andeneraimethods used tsaesthe most significanife-
cycle processes

2.3.1 Vehicle Manufacture and Maintenance

Vehicle manufacturing and maintenarmzemodeled by weighting vehicle characteristics
for each transisystem Weightedvehiclecharacteristic¢e.g, length, weight, capacity, et@je
estimated for eactystembasedon reports ofvehicleoperations from th&gansit authoritie§LA
Metro, 2016b, 2016c; SCRRA, 201R®)anufacturing impacts of these weighted vehicle
characteristicareassessed in SimaPfi@Ré @nsultants, 2014)ith regional energy mixe®r
the locations where assembly occuraed delivery of vehicles to LA.ong-term manufacturing
impacts are modeleafterKinki Sharyo P3010 LRVs assuming LA Metro exercises their full
contract with Kinki Sharyo to obtain 235 total LRUSA Metro, 2012) The OrangdBRT system
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operates 60dot articulatecdbuseswhile all otherbuslines use an amalgamation of oved(@)
CNG buses ranging from 31 feet to 60tf@eA Metro, 2016b; USDOT, 2014aJhe Metrolink
fleet consists of ElectriMotive Diesel locomotivesand various types gfassenger and cab sar
(SCRRA, 2012; USDOT, 2014a)he longterm fleet was modeled aftdre newly ordered
locomotivesthat will cut NOx and PM emissions by to 85%(SCRRA, 2016a)

2.3.2 Infrastructure Construction aniblaintenancdmpacts

Life-cycle impacts from construction and maintenance are modeled for railtteasit
stations, parking infrastructure, roadways, and other ancillary infrastructure. The assessment
based on engineering design doemts(LA Metro, 2016¢c; SCRRA, 2016l evaluate at
grade, aerial, and underground track and station construction as well as LA Metro parking
infrastructureconstruction. This appach follows previous resear@@hester and Cano, 201i6)
which use of concret@nd asphalhavebeen identifiedo have significanimpact in the life
cycle of transit systems. As such, a regspecific material production analysssdeveloped
with SimaProPRé Consultants, 2014jth additional assessment of station and parking
construction and maintenancetire City Road Network (CiRN)L.CA model(Fraser and
Chester, 2015)To allocate impacts of road construction and maintenancé fdetro bus use,
roadway damages caused by LA Metro buseslaeincludedThe total damage from Metro
busess determined by estimating tiequivalentsingle axel loading (ESAL) per VMas a
fraction of the totaESAL per VMT onall busroutes All routes are assumed to take place on
major or minor arterial roads with the total route miles determined from LA Metro route data.
Total yearly VMT data was obtained from the 2014 Highway Statistics Series dakSBeDT,
2014b) Roadconstruction and maintenance pacts are estimated wi@iRN-LCA based on
typical LA arterialsegments.

2.3.3 Operational and Propulsion Effects

The LA Metrorail system operational impadse attributed telectricity usgvehicle propulsion
and station operation)vhich varies by raisystem LA Metro stations consume electricithue to
various processes includitighting, escalator usdicket kiosks, and statiotleaning Electricity
consumption dataasobtained from_A Metro in the form of m&erreadings by tstionand

utility provider (LA Metro, 2014) Energymixesof the three utility providers are estimated to
determine operational impadtsthe LA Metro rail systemThe LosAngeles Department of
Water and PowelLADWP) provides most of the electricity in the LA Metro rail system,
entirely supplying the Red HR3ystemand also supplying significant amounts to the Expo and
Gold LRT systemsSouthern California EdisoiSCE provides most of the electricity used by
the Blue and Green LR3ystemsandPasadena Water and Power (PW#)plies only small
amounts to the Gold LR3ystem Although California has largely abandoned ei@d energy
generation method€EC, 2015) LADWP andPWP still supply a significant amount of eaft
state coafired energy to meet consumption demaimdhe regionLADWP, 2014; PWP, 2015)
As a result, coalired generation makes up over a third of the electricity supplied to the Red,
Gold, andeExposystemsThe Green and BlueRT systeméelectricity use comprises less than a
fifth coal generation, instead utilizing more natural &8s et al., 2014)Figurel shows

detailed electricity use for each of the LA Metro rail systems.
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FIGURE 1 Electricity Use in LA Metro Rail System.

LA Metro rail system electricitgonsumptiorin 2014 is shown comprised by generation methods. A
secondary axis with corresponding indicators of 20ddsitsystem PMT is shown faomparison.
Energy mix compositions are basmureports from the LADWP, PWP, and S(Elis et al., 2014;
LADWP, 2014; PWP, 2015Note that coafiring occurs largely outside California.

Due to a laclof robust modeling of CNG budrive cycleemissionsLA Metro bus
operatioml impactsareestimated by aggregating CNG emissitested undevariousdrive
cycles.LA Metro schedulaelataaresummarizedo estimate the scope of observable bus stops
per mile for each bus servi¢eA Metro, 2016d) Characteristics of urban buswe cycles are
then compared to the observable route stops per mile for the Local, Rapid, and Express bus
servicedo determine thempropriate drive cycleMatching similar dve cycles to each bus
S e r v liouwteecltamcteristics allows for estimated tailpipe emissiariagMetro bus
operation. Three drive cyd¢hat most closely matched the range of observed LA Metso
driving characteristics (speed and stop frequeanyghosenthe Central Business District drive
cycle (CBD), the Manhattan drive cycle (MAN), and the Orange County drive cycle (OCC)
Drive cycledailpipeemissimswere then inventoried and estimatedthe Local, Rapid and
Expressous services from test results of CNG buskesimilar buse$rom three separate sources
(Ayala et al., 2002; MJ Bradley, 2013; Posada, 20D8§ to uncertainties abbiuture
emissions, it is assumed that buses will achieve fuel economies and emissions consigteat with
beg available current technolognd air pollutants will meet 785% reductions as outlined by
the CARB 2020 certification standard€ ARB, 2000) OrangeBRT operational impacts are
based on emissions testing by the CARB of similar bus eng@iiésivengadam et al., 2011)
flowing asimilar procedure outlined i€hester et al2013). Fuel consumption of the entire
CNG bus fleet from th&lational Transit Databas®I{D) is compared to estimated fuel
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economies twerify results CNG fuelconsumption in 2014 was estimated to be 4% lower than
theactual fuel consumption reportedthe NTD in 2014USDOT, 2014a)This indicates that
estimated impactsf LA Metro buses are reasonably accur8gecausduel consumption
estimates rely on yearlehicle miles traveledMMT ), under estimatiofikely occurs because
VMT (via odometers readingdpes not account for idling.

Metrolink gperationaimpactsaremodeledafterrepresentativeperatingschedulesn the
Metrolink systemRepresentativeperational impacts are modeled after routes that match the
Metrolink systemaveragedistribution of stations per milend systenaverage train speed
UsingEMD F59PH locomotivemissiongecorded at multiple stegetate operation levels
found inFritz (1994) locomotive exhaust emissioagethen estimated over the representative
routes.Diesel fuelconsumption in 2014 was estimated to/Be lower thartheactual fuel
consumption reporteith the NTD in 2014USDOT, 2014a)This indicates that estimated
impactsof Metrolink locomotivesare reasonably accura&milar to the trend in LA Mtrobus
system, under estimatidikely occurs because VMdioesnot account for idling.

2.3.4 LosAngeles AtomobileLife-cycle Assessment

An automobile trign LA thatwould substitute access, or egremnsitis assessednternal
combustion engine vehicle manufacturing, operation, and mainteobadeA sedarnusing

California reformulated gasoline is modeledhe Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation Mod€REET, 2015)Nearterm usas assessed a6 MPG fuel
economy andong-term use is assessatb5 MPG fuel economio beconsistent withCorporate
Average Fuel Economy (CAFEjandarddy year 2@5 (EPA, 2012) Longterm automobile
manufacture and operatismmodeledaslighter weightwith improvements in manufacturing to
help meetuel economystandards. Iipacts of LA roadway infrastructure construction and
maintenance of a typical arterial segmhare allocated by ESAL per VMT (following the same
method outlined previouslpr buses.

2.4 Multimodal Trip Development

Trip characteristics are developed to compare multimigaimpactsin the LA metropolitan
region.Travel surveydata wereobtained from the CHTS with supplementa@nisit statistics
from LA Metro. The CHTSdata sets filtered to include samples only thegreater LA
metropolitan region wher@2% of tripswereby automobile(Caltrans, 2013)All transittrips
(public and private) account for less than 4% ofdh@plesMosttransit trips are accessed
egressethrough walking, with a small fraction eessear egressetly automobile Metrolink
CRT has the highest fractidirst-last mileautotrips at 33%in the CHTS and28%according to
aseparat@rigin-destinatiorstudy(Redhill Group, 2015)First-last milestatistics arelisplayed
in Tablel. Metrorail users reported accessing their rail trip with auto nesrggquarter ofthe
time, and Metrdous users reported accessing their bus trip with auto rooglklyenthof the
time. Althoughthis skewin the CHTS data sébwers the number adbservedamples of paired
autotransit trips, it is not expected that the trip characteristics would alter signifieatitly
increased sample size. Auto tapcupanciesrealso recorded anchalyzed. In the A region,
the CHTS average auto occupancy for all purposes (including carpools) was 2 passengers per
auto trip.According to the 2009 National Household Travel Survey (NHTF,i$ slightly
above the reporteall-purpose nationaverageauto occupancgf 1.7 passengers per trip
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(USDOT, 2009)The Expo LRTsystemopened in mieR012 while the CHTS was already
underwayAs result,only a couple (n=4) adutorail tripswere observedandwerenot assumed
to be representativ& herefore, autoail trip characteristics for the Expo LREEsume average
characteristics.

TABLE 1 First-last Mile Modesin LA Transit System

Firstlast mile modeselectiondataareshown from two different surveys, the CH{Galtrans, 2013and
LA Metro onboard survey$§LA Metro, 2016a) LA Metro onboard survey results are shown from the
year2012 to compare with the CHTS data, which was conduictékde same year

TransitSystem(CHTS) Percent Walk Percent Auto Percent Other
BlueLRT 91% 7% 2%
RedHRT 90% 5% 5%

GreenLRT 76% 21% 3%
Gold LRT 78% 19% 3%
Local / Rapid Bus 99% 1% 0%
Express Bus 100% 0% 0%
Orange BRT 95% 2% 3%
Metrolink CRT 65% 33% 2%
Transit System (Metro) Percent Walk Percent Auto Percent Other
Bus 84% 10% 6%
Ralil 64% 27% 9%

To determine competing auto trip characteristicsorigindestination analysis
conducted. A competinguto trip is defined agsingleauomobiletrip thatreplacesasingle or
multimodal transitrip from origin to destinationTo determine theharacteristis of competing
auto trips, transit trip orighdestinatiorpairingsarecrossreferenced wittauto trips othe same
origins anddestinatios in the CHTS Based on the sizand spatial distributioof the samples,
the origindestinatioranalysiss conducteéta zip code level. Thisllowed evaluatiomf transit
and auto trigcharacteristicbetween or within over 900 subgionsin the greater LA
metropolitarregion Because transit routes are fixed but serve dynamic user-degiiration
demand, competing auto tripsilize moredirectroutesbetweendenticalorigins and
destinations. Thiteads tashortercompeting auto trips thanultimodal transit trip for the same
origin-destinatiorpairings Due to small sample size fafst-last mileauto trigsin the Metro
Locd and Rapid bus systenfgst-last miletrip trends were merged together for these two
systemsWith comprehensive multimodal trip characteristics, multimdiéicycletrip impacts
areestimated by syneizjng trip characteristics witper mileLCA results



3 RESULTS

Per mile GHGemissionsend use energy, respiratory impact potential, and smog impact
potentialare firstshownfor each transit systefollowed by discussion of major contributing
processeOnce the underlying trends for each transit system are establsukidaodal trip
and competing auto trip impacdseintroduced and discussdgurther results covering more
scenariosand induvial CAP emissions by mode can be fourtdaehne(2016)

3.1 Life-cyclempactsper PassengeMile

Figure2 shows the near and lontigrm ife-cycle end use energ$HG emissionsiespiratory
impact potential, and smog impact potential BBIT for all transportation modes asses$eant
transit modes, ehicleoperation (propulsion electricity or fuel combustiejhe largest
contributorto GHG emissions and total end use engepPMT followed by infrastructure
operation primarily station elecicity use). For LA Metraail, nearterm GHG emissionare
largely impacted by the carbémtensity ofelectricitygeneration. The Gold and EXp&T
systemsare supplied with high fractions of cefaled electricity,and havdower average
ridership than the other ral/stens. Higher average ridership (REMRT, BlueLRT, and
Metrolink CRT), and less carbeimtense electricity generation (Blue and Green LRE)the
main factors thatontributeto lowerGHG emissionperPMT. Nearterm GHG emissiongor
Metrolink CRT is dominated byiésel fuel combustioduring vehicleoperationfollowed by
energy production (fuedxtraction angbroduction) All rail modes are found to have lower near
term GHG emissionand end use energer PMT than average auto travel (at 2.0 passengers per
auto trip).Long-term LA Metro railGHG emissiongare projected to drogignificantlydue to
reductions of importedoatfired energyand increast use ofrenewableenergy Electricity use
and xidation of organic materialsmitted during the production concreted steel are the main
contributorso GHGemissionsn infrastructure construction and maintenarikeducirg large
amounts of concretand steel requires high heating (eneigyurnincreasingemissions from
energy generatiofFlower and Sanjayan, 2007)
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Respiratory impact potential LA transit life-cyclesoccurmostly during the operation
phase, andre typicallylower per PMT than auto trayetith two exceptiongGold and Expo
LRT). In the Metrarail systemyespiratory impactarise mainlyfrom fossil fuelenergy
production and generatioRespiratory irpacts can also arise as byguctsfrom theproduction
of sedimentary materials (concrete and asphalt). This has the most profound impact on auto
respiratory impact potential due to the vast amount of road infrastructure that is largely built for
and worndown by extensive auto trav8l/ith ahigher volume of passengers per mile and very
low Metrobus travel as a fraction of the total travel in the LA road system, infrastructure
construction and maintenance for buses has much lower respiratory impaaappéeRMT.
Longterm SO, PM and NG emission will significantly drogscleanerelectricitygeneration
becomamore prevalent. The future use of new Metrolink locomotilias are slated tbe
compliant with the late€EPA Tier 4 emissions standardadmaycut PM, and NG emissions
by up to 85%{SCRRA, 2016a)This will significantly reduce the respiratory and smog impact
potential from Metrolindocomotiveoperation. It should be noted that these Metrolink traiiis
begin operating asarlyas 201{SCRRA, 2016@)meaning smog impact potential in the
Metrolink systemmaybegin rapidly decliningn the next few yearas the switch to the new
locomotives is made

Potential for photochemicah®gcreationin LA transitlife-cycles occur mainly from the
production, generatigmndcombustiorof fossil fuels. Metrolink CRT has significantly higher
potential for smog creation than all other rail and bus modes, due to high amounts of NOx
released during locomotive diesel fuel combustion. The Gold and Expsy$dns to have
similar potential to autper PMT to create photochemical smog. This is largely due to the fact
that NOx emissions contribute to the highest potential for smog creation, and large amounts of
nitrogen are oxidized during cefiting energy generatioSmoot and Smith, 2013yhe Green
and Blue LRT systemare provided with most of their electricity from S@hkich provides
more natural gas in place of cdalng, reducing their smog (and respiratory) impact potential.
Also, smog impact potential in LA Metro buses is very small due to low NOx and VOC
emissions during vehicle operation. This indicates that potential for smog cleattyfrom
LA Metro transit modes is much lower than auto travel per PMT. iteng emission$or
Metrolink CRT and the Expo and Gold LRYstens will be much lower due to cleaner methods
of electricitygeneration and combustion. Metrolink CRT smog impact potential mainly arises
from locomotive diesel fuel combustion, but as mentioned previdusiye Metrolink
locomotives will have great reductions in letggm impacts.

When considering the location ellectricitygeneratiorprovided by utilitiedn addition to
many upstream lifeycle processesnostair quality impacts arereated outsidéhe LA
metropolitan regionLater discussion will exploréhe local and remotair quality impacts of LA
transportation modes.

3.2 Multimodal Trip Life-cyclelmpacts

Firstlast mile auto travel witkransitcan significantlyincreasenearterm multimodal trip
impacts and n some cases, multimodaltrip may have greater trip impacts trmocompeting
autotrip. Many factors can contribute to increased multimodal trip emissions. Firstly,
multimodaltrip lengtts are increasetb reach the same destinatiahge tofixed andindirect
transitroutes Secondlyfirst-last mileautooccupancys often lower tharthe averageompeting
auto tripoccupancylLast, SOV firstlast mile auto trips can significantly increase (and
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sometimesnore than double) the multimodal trimpacts Thesefirst-last mile auto trip
characteristicgan lead tanitigation of impactreduction benefitfrom transit The following
results focus on GHG emissions. For multimodal respiratory and smog impact® see th
supporting information.

Nearterm multimodal GHG emissions are lower than competing auto trip emissions in
eight of ten systems, bfitst-last mileauto trips significantly increase multimodal trip
emissions, mitigating potential GHG reduction savings. Nean multimodal transit and
competing auto GHG emissions per passenger trip are shdvigure3. In two systems (Local
bus and Red HRTaverage multimodabHG emissionper passenger trip are greater with auto
access or egress when comparecbimpeting autarip. Firstlast mile autamccupancy was
lowestfor trips connecting to the Gre&RT and Blue LRT(1.2 and 1.3 passengers per auto
first-last miletrip respectively)Total multimodal trips in the Blue and Green LByistems
averaged over 17 miles in total trip distance. Therettaspite low firstast mile auto
occupancies, multimodal trips in the Green and Blue LRT systems still had lower impacts per
trip compared to competing auto trips due to a majority of the trips occurriag amsit
segment. As mentioned beforeultimodal trips with autoand transiiveragedonger distances
than norautotransittrips. Auto first-last miletrips in theLocal busand Red HRBystens
increasd trip GHG emissionsuchthatmultimodal trip emissionsurpassed the competing auto
trip emissionsin the Local bus system,uttimodal trip distancewere much longer than
competing auto trips arfdr less direct than other multimodal transit trips. Therefore, transit user
behavior motivating thedeips are less comparable to typical parid-ride transit riderdikely
due to the lack of dedicated parking infrastructure in the Local bus system. Red HRT multimodal
trip GHG emissions are larger than a competing auto trip largely due to high occupancies in
competing regionauto trips as wethsmore carbofintenseelectrigty consumption in the Red
HRT system(mainly coalired generationmported by LADWP) SOV auto travekcan have a
significant impacbn competing and firstast mile auto tripsCompeting SOV auto trips often
have much highrampacts per trighanmultimodal trips with average firstast mile auto
occupanciesHowever, wenfirst-last miletrips are made alonéotal trip impactareusually
higherfor a multimodal transit trip compared to an average occupancy competing@uitis
indicates that auto occupancy is a significant factor when determining per passenger impacts in
the regionand SOV trips should be avoided

11



Competing Auto
Gold LRT

GOLD
LRT

Competing Auto
Expo LRT

EXPO
LRT

Competing Auto
Green LRT

GREEN
LRT

Blue LRT

BLUE
LRT

Competing Auto
Red HRT

RED
HRT

Competing Auto
Local Bus

Rapid Bus

LOCAL
& RAPID
BUS

Competing Auto
Orange BRT

ORANGE
BRT

Competing Auto
Express Bus

D D D 8 DD DD

) J,
METROLINK EXPRESS
CRT

BUS

Mectrolink CRT

[ Fuel Combustion

@ Vehicle Maintenance

B Infrastructure Operation
@ Energy Production

Competing Auto

Competing Auto

Greenh Gas Emissions (kg CO,e per passenger trip)
4 6 8
TN |

+Auto [ HIET
+Bus [ [

|

+Auto [ WIET
+Bus [ [H

+Auto [ N
+Bus [

+Auto [ I
+Bus [

+Auto [T
+Bus [ [l

7T —
e ] — ]

+Auto [
+Rail [

+Auto [ I
+Rail W

[ Propulsion Electricity

M Batteries

[ Infastructure Maintenance
Single Occupancy Trip

25 30

M Vehicle Manufacturing
@ Infrastructure Construction
M Infrastructure Parking

FIGURE 3 Near-term multimodal and competing auto GHG enissionsper passenger tip in the

LA transit system.

Neartermmultimodaltrip impactsare shown compared t@mpeting auto trigmpacts.For each mode,
region specific average trip distance and occupancies were usgleé. &cupancy auto tripnpacts are

shownextending inwhite. Note that due to longer trip distances, Express Bus and Metrolink are shown

on a separate scale.

Overall, long term trip GHG emissions decrease due to vehicle improvements, less

carbonintense energy sources, and higher vehicle ocuties, and all but one system (Local
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bus) hadower multimodalGHG impacts per passenger tiffan a competing auto tripong-
term multimodal transit and competing auto GHG emissions per passenger trip arénshown
Figure4. Reductions ircarbonintense energy generation and production methods cause a
significantdecreasén the Metro rail systems due lhigh electricity usdor infrastructure and
vehicle operation (propulsion).hE Local bussystemis shown to still havligherGHG impacts
per passenger tripith first-last mile auto usdue to high auto access and egress distahoeg
term reductions in both bus and auto impacts per PMT will occur due to improved vehicle
efficiencies so the gap in emissions per PMT or per passenger trips does not significantly change.
However, trip characteristics such as auto occupancies astt tad auto trip distances is
assumed to not significantly chandfels possible with improvements network mobility or
changes in user behavior that multimodal Local bus tnigy become more diregatith reduced
impactsper trip.
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FIGURE 4 Long-term multimodal and competing auto GHG enissionsper passengertip in the

LA transit system.

Long-termmultimodal trip impacts are shown compared to competing auto trip impacts. For each mode,
region specific average trip distance and occupancies were used. Single occupancy auto trip impacts are
shown extending in dotted outlines. Note that due to lomigedistances, Express Bus and Metrolink are

shown on a separate scale.
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